The minimum variance (MV) beamformer has the potential to enhance the resolution and contrast of ultrasound images but is sensitive to steering vector errors. Robust MV beamformers have been proposed but mainly evaluated in the presence of gross sound speed mismatches, and the impact of phase aberration correction (PAC) methods in mitigating the effects of phase aberration in MV beamformed images has not been explored. In this study, an analysis of the effects of aberration on conventional MV and eigenspace MV (ESMV) beamformers is carried out. In addition, the impact of three PAC algorithms on the performance of MV beamforming is analyzed. The different beamformers were tested on simulated data and on experimental data corrupted with electronic and tissue-based aberration. It is shown that all gains in performance of the MV beamformer with respect to delay-and-sum (DAS) are lost at high aberration strengths. For instance, with an electronic aberration of 60 ns, the lateral resolution of DAS degrades by 17% while MV degrades by 73% with respect to the images with no aberration. Moreover, although ESMV shows robustness at low aberration levels, its degradation at higher aberrations is approximately the same as that of regular MV. It is also shown that basic PAC methods improve the aberrated MV beamformer. For example, in the case of electronic aberration, multi-lag reduces degradation in lateral resolution from 73% to 28% and contrast loss from 85% to 25%. These enhancements allow the combination of MV and PAC to outperform DAS and PAC and ESMV in moderate and strong aberrations. We conclude that the effect of aberration on the MV beamformer is stronger than previously reported in the literature and that PAC is needed to improve its clinical potential.
Introduction
Commercial ultrasound scanners implement the classical delay-and-sum (DAS) beamforming method to form B-mode images. DAS beamforming is subject to the diffraction limit, and so its performance is tightly constrained by the physical characteristics of the system. However, it has been shown that adaptive beamforming can surpass this diffraction limit. In particular, the minimum variance (MV) beamformer 1 and the broadband MV beamformer (implemented in the frequency domain) 2 exhibit high lateral resolution and contrast in ultrasound images. From other fields, it is known that the MV beamformer is sensitive to calibration and steering vector errors. However, the studies of the sensitivity of the MV beamformer in the ultrasound literature have been mainly limited to gross sound speed errors. 1, 2 Although there are several proposed robust MV methods to cope with the problem of sensitivity of the MV beamformer to gross sound speed errors, these approaches normally entail tradingoff robustness with a loss in resolution. 1, 3, 4 In the context of this paper, robustness will be considered as the ability to maintain performance in the presence of aberration. For example, Synnevåg et al. 1 mention that by lowering the subarray smoothing parameter and augmenting the diagonal loading (DL) term, some robustness against gross sound speed errors can be obtained. This, in turn, causes the MV beamformer to have a performance closer to that of DAS. Wang et al. 3 proposed a method to allow the steering vector of the MV beamformer to vary inside an uncertainty ellipsoid. However, this is equivalent to adding an automatically determined amount of DL, thus making the MV closer to DAS and reducing the resolution. 5 Mehdizadeh et al. 4 used forward-backward (FB) estimation, and a lower rank eigenspace-based approximation is used to increase robustness but decrease resolution. Xia et al. 6 proposed additional constraints to the original MV problem, but the performance was not satisfactory in the presence of near-field aberrators.
These robust MV beamformers do not make use of the knowledge present in the literature of phase aberration correction (PAC). To the best of our knowledge, the only study of PAC methods in connection with the MV beamformer was presented by Ziksari and Asl 7 using the nearest neighbor correction method, but the effects of physical and distributed aberration in connection with the MV beamformer were not described.
Phase aberration is normally modeled as either a near-field phase screen (NFPS) aberrator or a distributed aberrator. 8 In the first model, aberration is approximated as a series of time-shifts that occur at the face of the transducer. The NFPS can be a helpful abstraction when the aberration is concentrated in a thin layer near the transducer but is a less accurate model for most tissues. In contrast, the distributed aberrator model considers that the source of aberration is distributed throughout the tissue, causing both arrival time fluctuations and waveform distortions. Although it is more accurate and close to real tissue, its complicated nature makes it very difficult to compensate.
Most practical implementations of PAC assume the NFPS model. One of the earliest correction algorithms proposed is based on cross-correlation of neighboring channels. 9 This idea was extended to use correlation of multiple neighboring channels 10, 11 to form a system of equations and obtain a more accurate profile using the least squares solution. Several algorithms have also been proposed to use different reference signals to which the channel signals can be correlated. 12, 13 We previously explored the impact of second-order phase aberration on the MV beamformer and how basic PAC correction methods can mitigate these effects. 14 In our previous work, only the original MV beamformer by Synnevåg et al. 1 was tested on simulations with point targets and cyst targets and experiments with cyst targets and electronic aberration. Here, this study is extended to include a comparison with another robust MV beamformer from the literature, the eigenspace minimum variance (ESMV) beamformer, 4 and results with experimental point targets and electronic aberration and tissue-based aberrators, which has not previously been reported for MV beamforming. We show that current MV beamforming and robust MV beamforming techniques show great sensitivity to phase aberration and that MV + PAC is a preferable option, even for tissue-based aberrators.
Method

MV Beamformers
The MV beamformer is an adaptive beamforming method that, for each point in the image domain, computes the apodization which minimizes the variance of the beamformed signal while maintaining a unitary gain in the presumed direction of arrival. This is done by computing the optimal weights w that satisfy 1 w R a a R a = ,
where R is the spatial covariance matrix of the signals received at the different array elements and a is the steering vector. If signals are first presteered, as is necessary for the broadband signals in ultrasound imaging, a reduces to a vector of ones. To estimate R , spatial and temporal averaging are often employed. 1 Let N represent the number of channels and x (k) n be the values of the n th channel corresponding to time instant k after accounting for the time-of-flight delays. Spatial averaging consists of dividing x(k) into overlapping subvectors,
of length L and obtains an estimate of the covariance matrix, R � ( ) k , as
Finally, temporal averaging is applied by taking the mean of R � ( ) k over a number of time snapshots. 15 In Ref. 1, it is stated that by decreasing L and adding a DL term, they can accomplish robustness. However, this implementation will be referred as conventional MV beamformer in the present study.
Asl and Mahloojifar 16 proposed an eigenspace-based minimum variance (EIBMV) beamformer in which eigenspace decomposition is performed on the covariance matrix, and a fixed number of eigenvalues are used to reconstruct the image to enhance contrast and reduce sidelobes. Mehdizadeh et al. 4 proposed a new robust extension of the EIBMV beamformer (ESMV). This ESMV beamformer incorporated FB averaging to provide robustness. The number of components used in the eigenspace extension is controlled by the β parameter, which defines that the largest J eigen components whose cross-spectral power is β times lower than the total output power are selected. The ESMV utilized in the following includes FB averaging. The inclusion of FB averaging makes this method more robust than conventional MV.
PAC
Three PAC methods representative of the literature, that is, the multi-lag (ML) cross-correlation method, 10,17 Rigby's beamsum method, 12 and the scaled covariance matrix (SCM) method, 13 were implemented and tested on the simulation and experimental data. The first two were used because they are common methods used in the PAC literature. 13, 17, 18 The SCM was selected because it is based on the covariance matrix and it could possibly integrate better with the MV beamforming calculations.
In the ML method, time-shifts between each channel and several neighbor channels are estimated using cross-correlation. Then, these delays are used as the right-hand side of an overdetermined system of equations, and the aberration profile is obtained from the least squares solution. ML cross-correlation estimation was performed with five neighbor channels and an axial window of 2 mm. In Rigby's beamsum algorithm, the estimated aberrating delays are obtained by correlating each channel signal with the beamsum signal (i.e., the sum of the signals over all channels of the array). The correlations were calculated using a 2 mm length axial window centered at the correction depth.
The SCM algorithm is a modification of Rigby's beamsum algorithm. In this approach, the covariance matrix is formed, then the phase of each matrix element is extracted, and these phases are summed across the channels. For computing the covariance matrix, a 2 mm length axial window centered at the correction depth was utilized.
An estimated aberrating profile was obtained with each of these methods for every scanline and for three depths spaced 1 mm above, below, and at the transmission focus depth. The profiles obtained for each scanline were laterally averaged. For simulations and electronic aberration, the profiles from all scanlines were averaged to obtain a single profile. For the tissue-based aberrators, groups of five lateral profiles were averaged. The corresponding time-shifts were applied only in reception to the simulated or experimental channel data before performing the beamforming process.
Simulations
Two types of simulations were performed using the Field II library 19, 20 with a sampling frequency of 100 MHz. The first simulation consisted of a point target at an axial distance of 40 mm. The second simulation consisted of an anechoic cyst of 4 mm diameter centered at an axial position of 40 mm. The simulations were performed with a transmission frequency of 5 MHz using a linear array of 128 elements, 1.5 cm length, and a fixed focal number of 2 at 40 mm depth. In both simulations, pre-beamformed data were obtained.
Four realizations of zero-mean, near-field aberration profiles of 4 mm correlation length were scaled to root mean square (RMS) strengths of 20, 40, and 60 ns and applied on both transmission and reception. Dynamic focusing was applied on reception with DAS beamforming using a boxcar window and the MV beamformer using a constant spatial smoothing (L) subarray length of 32 elements and a time average of 41 samples. 1 A DL term, DL tr = 1 500 ( ) ( / ) L R , was added to the covariance matrices to stabilize the inversion of R. Those same L and DL parameters are used throughout this study. The ESMV beamformer described by Mehdizadeh et al. was implemented using the same parameters as the MV beamformer and β values of 1% and 10% as in Ref. 4 .
Experiments with Electronic Aberration
Experimental data were obtained from a multipurpose phantom model 539 (ATS Laboratories, Bridgeport, CT) using a Verasonics V1 acquisition system (Verasonics, Inc., Redmont, WA) with a 128 element L11-4V transducer with a length of 3.8 cm at a central frequency of 5 MHz and a sampling frequency of 20 MHz. Channel data were acquired from both point targets and anechoic cyst targets of 2 mm radius of the phantom. Aberration profiles of 4 mm correlation length and strengths of 0, 20, 40, and 60 ns were applied both in transmission and reception. A single transmission focus was used (30 mm for the point targets and 35 mm for the cyst targets), and the focal number was set at 2. 128 channels were used and dynamic focusing was applied on reception. The parameters for the MV beamformer and the ESMV were the same as for the simulations.
Experiments with Tissue Aberrators
Two sections of beef loin were used as tissue aberrators. They had thicknesses of 2 cm (Aberrator A) and 2.8 cm (Aberrator B), respectively. Each beef loin section was placed on top of the multipurpose ATS phantom and the transducer was placed on top of beef loin. Ultrasonic gel was placed between the phantom and the tissue, and between the tissue and the transducer. Care was taken so that the probe made minimum contact with the tissue so as to minimize any compression or deformation. The experimental setup for Aberrator A is shown in Figure 1 . The same system configuration and data acquisition procedure used with the electronic aberrators were used to acquire channel data from the cyst target zones of the phantom. Control data at the same approximate position but with no tissue between the transducer and the phantom were obtained to measure the effects of aberration and PAC.
Comparison and Metrics
For both simulated and experimental datasets, data are beamformed using DAS, DAS combined with each of the three mentioned PAC methods, MV, MV with each of the three mentioned PAC methods, and ESMV with beta values of 1% and 10%.
For the dataset with point reflectors, the performance of the different beamforming methods is assessed in terms of full width at half maximum (FWHM) and peak sidelobe level (PSL). For all datasets containing anechoic inclusions, contrast and contrast-to-noise ratio (CNR) are computed according to the following formulas 21 : For simulations and experiments with electronic aberration, as the aberration profile applied to the data is known, the residual error in the estimation of the aberration profiles was quantified by subtracting the applied profile from the profiles estimated at every lateral position and computing the mean absolute error. For the case of tissue aberrators, as the ground truth profile is not known, the aberrators were only characterized in terms of aberration strength (in ns) and correlation length (in mm).
For the electronic aberration and tissue aberrator cases, the experimental data were contaminated by a gross speed error, which presented itself as geometric delays of parabolic shape. This error can be attributed to variation in speed of sound of the phantom from the nominal phantom speed value of 1450 m/s. Therefore, the best-fit second-order polynomial was subtracted from the estimated time-shifts to obtain the final aberration profile for the error estimation or characterization.
Results
Simulations Results
B-mode images for the point target simulations for one of the realizations are shown in Figure 2 for the case of 60 ns of aberration. The first row consists of the control image of DAS (no aberration), DAS at 60 ns with no correction, and DAS at 60 ns with the three correction methods. The second row depicts the same images for MV. The third row shows control and aberrated images for ESMV. All images are shown at a dynamic range of 50 dB. At this particular aberration strength, the aberrated MV images are degraded almost as much as the DAS images.
The FWHM and PSL values are shown in Table 1 . The percent change with respect to the nonaberrated case is also shown in parentheses. From these results, it can be observed that while DAS exhibited loss of a maximum of 22% in FWHM for the strongest aberration, MV had a degradation of more than 550%. The ESMV had a resolution similar to that of DAS in the noaberration case and showed more robustness than conventional MV, as it presented degradations of around 60%. For the case of PSL, DAS exhibited degradations of up to 86% while MV exhibited degradations of up to 92%. ESMV was slightly more robust, with PSL increasing by around 90%. For the case of the simulations, it is observed in Table 1 that, in DAS, ML does not affect positively the FWHM but reduces the degradation of PSL from 86% to 54%. Meanwhile, this same method converted a degradation for the MV beamformer of nearly 550% to a degradation of only 12% in FWHM, and of 91% to 22% in PSL.
The simulated cyst target images are shown in Figure 3 . The first row shows the control image for DAS (no aberration), DAS at 60 ns with no correction, and DAS at 60 ns with the three correction methods. The second row depicts the same but for MV. The third row shows control and aberrated images for ESMV. All images are shown with a dynamic range of 50 dB. The ROI for the contrast and CNR calculations was taken as circle of radius 1.8 mm centered at 0 mm lateral position and 40 mm axial position that is inside the anechoic cyst. The background values corresponded to a circle of the same radius but centered at a lateral position of −3 mm and at the same depth. Results for contrast and CNR are displayed in Table 2 . It is observed that DAS contrast was reduced by up to 88% while MV contrast was reduced by up to 87%. Similar maximum degradations were observed for the ESMV. Although MV and ESMV exhibited around 2 dB higher contrast than DAS at 0 ns of aberration, at 60 ns the performance of MV, ESMV, and DAS was almost equivalent. This is also reflected in the B-mode images where the cyst is difficult to identify. A similar effect was observed for the CNR, where DAS degraded by 71%, MV degrades by 68%, and ESMV degrades by 66%. The application of ML reduced the degradation for DAS in contrast (from 87% to 70%) and CNR (from 71% to 48%). Meanwhile, for MV the reductions in degradations were more noticeable, that is, from 87% to 59% in contrast and from 68% to 27% in CNR. The percent change from the no-aberration case is shown in parentheses. FWHM = full width at half maximum; DAS = delay-and-sum; ML = multi-lag; SCM = scaled covariance matrix; MV = minimum variance; ESMV = eigenspace minimum variance; PSL = peak sidelobe level.
The mean and standard deviation of the profile estimation errors are reported in Table 3 for the point targets and the cyst targets. It is observed that as aberration strength increased, the error in the estimation increased and that error is, on average, higher for the case of speckle-based targets.
ESMV was combined with ML correction for comparison. B-mode images for the 60 ns case can be observed in Figure 4 and the image quality metrics can be observed in Table 4 . It is shown that ML also conveys improvements in the ESMV beamformer, diminishing degradations, for example, in point target FWHM from 65% to 40% and in lesion contrast from 80% to 60%.
Experiments with Electronic Aberration
B-mode images for the point targets with an electronic aberration of 60 ns are displayed in Figure  5 and, for the cyst targets, with the same aberration in Figure 6 .
The FWHM and PSL for the point target at 30 mm depth are shown in Table 6 . The degradation from the 0 ns case is shown in parentheses. FWHM decreased by 5% for DAS and 147% for MV. ESMV showed a higher degree of robustness in this case, degrading by only 70%. PSL degraded by 70% to 90% in all cases.
The errors in the estimation of aberration profiles for both point target and cyst target experiments are shown in Table 5 . The percent change from the no-aberration case is shown in parentheses. DAS = delay-and-sum; ML = multi-lag; SCM = scaled covariance matrix; MV = minimum variance; ESMV = eigenspace minimum variance; CNR = contrast-tonoise ratio. 31.1 ± 9.1 31.9 ± 9.1 31.9 ± 9.0 32.6 ± 7.9 36.5 ± 6.0 36.7 ± 6.1 ML = multi-lag; SCM = scaled covariance matrix.
With ML, the degradation in FWHM was reduced from 5% to 2% in DAS and from 147% to 20% for MV. Reductions in degradation of PSL from around 80% to around 30% for both DAS and MV were also obtained.
The cyst located approximately at a lateral position of 0 mm and at an axial position of 40 mm was analyzed in terms of contrast and CNR. The ROI was taken as a circle of radius 1.8 mm within the cyst and in the background. These regions are shown in Figure 6 with blue and red lines, respectively. The contrast and CNR (Table 7) were calculated for these regions. As seen on these tables, the degradation in contrast was around 83% for DAS and 90% for both conventional MV and ESMV at the highest aberration strength. Similar trends were observed in CNR: DAS lost 70% of CNR at 60 ns while MV and ESMV lost between 83% and 90%. On the contrary, contrast and CNR were greatly improved by ML in the case of MV. The degradations were diminished from 92% to 24% for contrast and from 64% to 3% for CNR. Although ML conveyed the highest improvements, the improvements of the other two PAC methods were quite similar.
Experiments with Tissue Aberrators
B-mode images for Tissue Aberrator A and Tissue Aberrator B are displayed in Figures 7 and 8 , respectively. The characterization of both tissue aberrators with the different PAC methods is shown in Table 8 as the mean value ± standard deviation. It is observed that Aberrator B was estimated to have almost double the strength of Aberrator A.
For the quantitative comparison, the cysts located approximately at an axial position of 40 mm, and lateral positions of 0 and 10 mm were analyzed. The ROIs were taken as a circle of radius 1.8 mm within the cyst and in the background for the 0 mm cyst (blue and red circles in Figure 7 ), and as a circle of radius 1.3 mm within the cyst and in the background for the 10 mm cyst (green and yellow circles in Figure 7 ). For the cyst at 0 mm lateral position, the contrast and Degradation from the no-aberration cases are shown in parentheses. FWHM = full width at half maximum; PSL = peak sidelobe level; CNR = contrast-to-noise ratio; ESMV = eigenspace minimum variance; ML = multi-lag. CNR are shown in Table 9 . As seen on these tables, contrast was reduced by 19% and 49% for DAS, by 37% and 65% for MV, and by around 20% and 60% for ESMV for Aberrators A and B, respectively. For the cyst at a lateral position of 10 mm, the contrast and CNR are shown in Table  10 . In this case, contrast was reduced by 19% and 18% for DAS, by 31% and 42% for MV, and by 43% and 48% for ESMV for Aberrators A and B, respectively. On the contrary, the application of PAC methods reduced the degradation effects of the physical aberrators, more noticeably in the highly aberrating layer (Aberrator B). For instance, degradations of 65% in contrast and 43% in CNR were reduced to 38% and 10%, respectively. These enhancements allowed MV + PAC to have better contrast and CNR than DAS + PAC and ESMV for the cyst at 0 mm lateral position.
Discussion
Degradation Caused by Phase Aberration
The simulations and experiments verify that MV is much more sensitive to aberration than previously indicated. 1, 2 For instance, the resolution of MV starts four times better than DAS's, but for the case of the strongest aberration (i.e., 60 ns), the lateral resolution of MV is comparable with that of DAS. In the case of PSL, the sidelobes in MV beamforming with no aberration are around 15 dB lower than those of DAS, but even at low aberration values, the sidelobes are almost equivalent to DAS. ESMV had an initial FWHM closer than that of DAS and also presented some degree of robustness in this regard but the PSL of ESMV degraded almost as quickly as that of regular MV. This behavior was also reflected in the anechoic inclusion simulations. The contrast of simulated cysts for MV and DAS was the same at the strongest aberration value, even though MV had higher contrast at 0 ns. ESMV showed a little more robustness than regular MV at low aberration values. However, this algorithm broke down at 40 ns, and by 60 ns, its degradation was equivalent (or even worse) than that suffered by conventional MV. Similar trends can be inferred from the experiments with electronic aberration. ESMV again showed better contrast at low aberration values (about 1 dB higher), but its degradation at 40 and 60 ns was comparable with that of conventional MV. For these experiments, the CNR values showed a slightly peculiar behavior at low aberration values, where in some cases aberration caused the CNR to increase. The explanation for this is that aberrated images seem to have brighter speckle due to speckle smearing, which reduces the variance of the background. 22 For the case of the tissue-based aberrator, MV exhibited again higher degradation of contrast when compared with DAS on both cysts. It is noted that even though the estimated aberration was around 20 ns for Aberrator A, the effects seemed much worse than the corresponding case in electronic aberration. This can be attributed to the fact that in tissue, other degrading effects are The percent change from the no-aberration case is shown in parentheses. FWHM = full width at half maximum; DAS = delay-and-sum; ML = multi-lag; SCM = scaled covariance matrix; MV = minimum variance; ESMV = eigenspace minimum variance; PSL = peak sidelobe level.
present (diffuse reverberation [23] [24] [25] and lower SNR due to the attenuation of the tissue). For both aberrators, the degradation of ESMV was slightly lower. These results suggest that in the presence of a moderate or strong aberrator, the performance gain of MV is lost and is comparable with that of DAS. In addition, although ESMV shows a better degree of robustness at low aberrations, at higher aberration values it is no better than conventional MV, and thus its robustness improvement is limited. ESMV also showed "black box" artifacts, where speckle disappears in some zones of the image. 4 The artifact is especially noticeable around bright point targets as shown in Figure 5 .
Effects of PAC
The simulations and experimental data presented here show that basic PAC methods are useful in decreasing the detrimental effects of phase aberrations on the MV beamformer. It is observed that the ML method tended to produce the estimation with lowest mean absolute error. However, the error of the three PAC methods was compared using a Kruskal-Wallis test. All p values between the methods were greater than 0.1, and thus considered not statistically significant. The error in the estimation for point targets was slightly lower than for cyst targets because of the high coherence of the point target. In addition, the obtained errors are consistent with the literature. 26 The percent change from the no-aberration case is shown in parentheses. DAS = delay-and-sum; ML = multi-lag; SCM = scaled covariance matrix; MV = minimum variance; ESMV = eigenspace minimum variance; CNR = contrast-tonoise ratio. All images are shown with a dynamic range of 50 dB. DAS = delay-and-sum; MV = minimum variance; ESMV = eigenspace minimum variance; SCM = scaled covariance matrix.
In terms of image quality and metrics, the ML method tended to outperform the other two methods in correcting the images for the cyst target simulations and experiments. There are two possible reasons for this situation. First, by estimating the delays through a least squares inverse problem, ML can produce estimated profiles that are fitted in a global way to every element. The other reason is that in speckle-based targets, there exists a fundamental spatial decorrelation The percent change from the no-aberration case is shown in parentheses. CNR = contrast-to-noise ratio; DAS = delay-and-sum; ML = multi-lag; SCM = scaled covariance matrix; MV = minimum variance; ESMV = eigenspace minimum variance.
predicted by the Van Cittert-Zernike theorem, and so distant elements in the aperture show little to no correlation. As ML only takes a limited number of channel lags in forming the system of equations, it is less sensitive to this decorrelation of distant elements. In accordance with these observations, the following discussion will focus on the results with ML as it is the PAC method that carried the best improvements overall. In contrast with the higher sensitivity of MV, PAC methods applied before beamforming showed a greater impact on MV than in DAS, mitigating considerably the deleterious effects of aberration. For example, in the results for the simulations, the gains after application of ML on the MV were six times (in FWHM) and two times (in PSL) the gains obtained for DAS. These improvements allowed the MV + ML beamformer to outperform DAS in the case of higher aberration in all metrics: gains of 0.5 mm in FWHM, 17 dB in PSL, 7 dB in contrast, and 0.3 in CNR. The performance of the ESMV was more robust than that of conventional MV at low aberrations, but at medium to high aberrations, MV + ML was better by around 0.6 mm in FWHM, 30 dB in PSL, 20 dB in contrast, and 1.1 in CNR. The test performed with ML PAC and ESMV shows that PAC can also convey improvements in all metrics for the ESMV beamforming at all aberration strengths. In spite of these enhancements, MV combined with ML performed better or comparable to ESMV with ML.
Similar results are obtained for case of electronic aberration in phantom experiments. The trends present in the simulations are the same, but the improvements have a lower magnitude. The percent change from the no-aberration case is shown in parentheses. CNR = contrast-to-noise ratio; DAS = delay-and-sum; ML = multi-lag; SCM = scaled covariance matrix; MV = minimum variance; ESMV = eigenspace minimum variance.
This can be explained to the fact that experiments presented other degradation sources, such as noise, and that, while simulations consisted of a single point target, experimental phantoms consisted of a point target embedded in speckle. As observed in the "Results" section, the improvements obtained with DAS allowed the MV + ML beamformer to outperform DAS in FWHM (by 0.15-0.20 mm), PSL (by 3 dB), contrast (by 3 dB), and CNR (by 0.25), and also ESMV in these four metrics (by 0.03-0.20 mm in FWHM, by 18 dB in PSL, by 16 dB in contrast, and by 2.4 in CNR at the highest aberration value). Similarly, improvements of up to 3 dB were obtained with PAC in DAS and MV for cyst targets with Aberrator A. MV + PAC had a contrast that was about 2 dB higher when compared with DAS. At this aberration strength (estimated at around 20 ns), ESMV is still a viable option, having around 4 to 20 dB more contrast. The reduction in the effects of PAC in both DAS and MV is attributed to the other degrading effects, that is, reverberation and low SNR. These effects not only degrade the quality of the images but also produce a less accurate estimation of profiles. For the Aberrator B case (around 45 ns), the results are consistent with those obtained for simulations and electronic aberration in the sense that ESMV started to break down and MV + PAC was a better option at this moderate-high aberration value. MV + PAC has around 1.4 dB higher contrast, 0.25 db higher CNR than DAS + PAC, and is also superior to ESMV by 3 dB in contrast to 0.8 in CNR for the central cyst. The contrast of ESMV with β = 1% in the cyst at 10 mm lateral position was higher than MV + PAC by around 2 dB but the CNR is lower by 0.4. In addition, due to the artifacts that appear in the ESMV images at this aberration strength, MV + PAC might be preferable in these situations.
In summary, the use of PAC methods (particularly ML) showed both qualitative and quantitative enhancements on both DAS and MV for different aberration levels. However, the biggest effects were observed for MV. The combination of MV + ML improved results with respect to DAS + ML in lateral resolution, PSL, and contrast. In addition, ESMV is a viable option for low aberration levels, especially due to its improved contrast. However, the simulations and experimental data show that at moderate and high levels of aberration, it degrades quickly and MV with PAC shows better performance and less artifacts.
It should also be noted that, although correction was only performed on reception, the images showed quantitative and qualitative recoveries. However, a scheme with correction on both transmission and reception should produce better improvements. This analysis demonstrates the impact of clinic strength aberrator on the MV beamformer, as PAC methods have shown to work for experimental data corrupted with aberration values of up to 60 ns, which are values normally encountered in the human body. 27 Indeed, PAC is necessary for in vivo imaging with MV because it is sensitive to even small second-order aberrations. All of these methods are based on the assumption of a phase screen model, and therefore this precorrection step is limited in its adaptive correction capability. Despite this situation, some modest improvements (around 1-2 dB) were obtained with the tissue-based aberrators (which are distributed aberrators). Further analysis should be considered as a locally adaptive correction method integrated into the MV beamformer will be needed for stronger distributed aberrators and in vivo situations.
Conclusion
We have shown the effects of different strengths and types of aberration on MV and have compared them with conventional DAS. These results suggest that aberration has a stronger impact on the MV beamformer than previously reported, primarily because previous literature only examined the degradation by gross velocity errors or basic simulated phase screen aberrators. These results suggest that the application of PAC methods may be needed to improve the MV beamformer resolution and contrast in clinically relevant scenarios.
The robust MV beamformer tested in this paper (ESMV) showed improved robustness at low aberration values, but its performance is, in general, no better than that of conventional MV at moderate and high aberrations. MV combined with PAC methods was preferable in these cases. This suggests that the development of a robust MV beamformer algorithm that integrates PAC methods may be necessary for clinical use.
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